Dynamic Response of Articulated Offshore Wind Turbines under Different Water Depths by Zhang P et al.
  
Energies 2020, 13, x; doi: FOR PEER REVIEW www.mdpi.com/journal/energies 
Article 
Dynamic Response of Articulated Offshore Wind 
Turbines under Different Water Depths 
Pei Zhang 1, Shugeng Yang 1,2, Yan Li 1, 2,*, Jiayang Gu3,*, Zhiqiang Hu4, Ruoyu Zhang1,2,Yougang 
Tang1,2 5 
1 State Key Laboratory of Hydraulic Engineering Simulation and Safety, School of Civil Engineering, Tianjin 
University, Tianjin 300350, China; zhangpei_ch@tju.edu.cn (P.Z.); liyan_0323@tju.edu.cn (Y.L.); 
2 Tianjin Key Laboratory of Port and Ocean Engineering, School of Civil Engineering, Tianjin University, 
Tianjin 300350, China; sgyang@tju.edu.cn (S.Y); zryu@163.com (R.Z.); tangyougang_td@163.com (Y.T.) 
3 Institute of Marine Equipment Research, Jiangsu University of Science and Technology, Zhenjiang, 10 
Jiangsu, 212003, China; gujiayang@126.com 
4 School of Engineering, Newcastle University, Newcastle upon Tyne, NE1 7RU, United Kingdom; 
Zhiqiang.Hu@newcastle.ac.uk 
* Correspondence: liyan_0323@tju.edu.cn (Y.L.); gujiayang@126.com (J.G.)  
+ This paper is an extended version of our paper published in ASME 2019 38th International Conference on 15 
Ocean, Offshore and Arctic Engineering, Glasgow, Scotland, UK, 9-14 June 2019; OMAE2019-95635. 
 
Received: 1 May 2020; Accepted:   ; Published:  
Abstract: Focusing on the transitional depth offshore area from 50m to 75m, a series of articulated 
foundation is proposed for supporting the NREL 5 MW offshore wind turbine. To investigate the 20 
dynamic behaviors under various water depths, three articulated foundations are adopted and 
numerical simulations are conducted in the time domain. An in-house code was chosen to simulate 
the dynamic response of the articulated offshore wind turbine. The aerodynamic load on rotating 
blades and the wind pressure load on tower are calculated based on the blade element momentum 
theory and the empirical formula, respectively. The hydrodynamic load is simulated by the 3-D 25 
potential flow theory. The motions of foundation, the aerodynamic performance of the wind turbine 
and the loads on the articulated joint are documented and compared in different cases. According 
to the simulation, all three articulated offshore wind turbines show great dynamic performance and 
totally meet the requirement of power generation under the rated operational condition. Moreover, 
the comparison is based on time histories and spectra among these responses. The result shows that 30 
dynamic responses of the shallower one oscillates severer comparing to the other designs. 
Keywords: articulated offshore wind turbine; aerodynamic load; power generation; hydrodynamics; 
dynamic response. 
 
1. Introduction 35 
As a clean energy resource, wind power presents an attractive and competitive source among 
different renewable energies, including wave, tidal, solar, biomass and others. Comparing with 
onshore wind resource, the strength, and steadiness of offshore wind is much better. It is estimated 
that the offshore wind energy resources are nearly three times as the onshore. Hereby, more and 
more attention has been paid to the research of offshore wind turbines (OWTs), and there have been 40 
fully developed in the past decades [1]. Besides, due to the mature installation technologies and 
relatively low construction cost, offshore wind energy development was expanded rapidly in the past 
years [2,3]. According to statistic data, the installed offshore wind power capacity in 2017 was 4.33GW 
all over the world, and the cumulative installed capacity was 18.81GW, which was 17 times more 
than that number in 2007 [4].  45 
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Typically, when we talk about the offshore wind turbines, there are two main types of 
foundation to support them. One kind is fixed foundations, including gravity base, monopile, tripod 
and jacket foundations [5]. These fixed foundations are usually installed in the sea area less than 50 
meters. In fact, the fixed foundation should bear the environmental and operational loads. When the 
water depth increases, the bending moment at the seabed increases greatly. In order to resist this 50 
large moment, the scale of the structure needs to be increased, causing a substantial increase in the 
construction and installation cost.  
To overcome this issue in the deep-water area, the other kind of offshore wind turbine supported 
by the floating foundation was proposed. Generally, the floating foundations employ customized 
technology from the deep-water oil and gas industry [6]. Spar, TLP and Semi are typical foundations 55 
that have been widely used in different levels of the deep-water field. At present, the water depths 
of most European offshore wind farms are over 100 meters, as shown in Table 1. According to 
experimental and numerical investigations, their stability and dynamic performance have been 
validated [7-10]. 
Table 1. Offshore wind farms in Europe 60 
Project Working 
Area 
Support 
Buoy 
Depth 
 (m) 
Capacity 
(MW) 
Hywind Demo Norway Spar 220 2.3 
Hywind Scotland Scotland Spar 120 30 
Windfloat Atlantic Portugal Semi About 100 25 
Flocan 5 Canary Spain Semi 50~120 25 
Sea Twirl S2 Sweden Spar 90~120 1 
Kincardine UK Semi 45~145 49 
PGL Wind Farm France TLP >100 24 
Katanes Floating Energy Park-Array UK Barge 60~100 32 
Hywind Tampen Norway Spar >200 88 
Specifically, the mooring line is one of the essential parts in order to limit the drift displacement 
of floating offshore wind turbines (FOWTs). However, its effect is depended on the water depth. In 
other words, the deeper water depth is, the better restoring performance will be shown. Nevertheless, 
the offshore scenario in China is totally different from Europe. The overall water depth of the 
southeastern coastal area is about 50 to 80 meters, even the offshore areas which are about 20 km to 65 
the coastal line. It is a great challenge to establish a floating or fixed OWT in these areas both 
economically and safely. 
Therefore, in order to meet the development of offshore wind energy in the southeastern coastal 
area, a new wind turbine foundation that is suitable for water depth less than 100 meters becomes a 
big strategic demand in China. Many efforts have been paid on new type FOWT invention in order 70 
to reduce the draft [11-15]. According to numerical simulations and experimental tests, the dynamic 
performance of these designs has been validated, but their feasibilities in shallow water are not fully 
investigated. 
As one kind of classic offshore platform, both single-hinge and multi-leg articulated towers have 
been validated for numerous applications, including crude production, single-point-mooring system 75 
foundation, and so on [16-18]. In recent years, the hydrodynamic response study of this classic 
structure attracts some scholars’ attention. Gavassoni et.al,[19] established a two-degree-of-freedom 
(DOF) discrete numerical model to study nonlinear oscillations of an articulated tower platform. They 
observed complex nonlinear features in the dynamic response, such as multiplicity of modes, stable 
and unstable free vibration modes, bifurcations etc.  80 
Meanwhile, much more researches have been conducted on dynamic behaviors under complex 
sea conditions. Zaheer and Islam [20] established a two-DOF analytical model to investigate the 
motion of a double-hinged articulated tower under combined wind and wave. On the other hand, 
Javed [21] carried out a series of numerical simulations aiming at studying the seismic influence on 
the hydrodynamic performance of a single-hinged articulated tower. They found that these extreme 85 
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environmental loads would significantly change the dynamic response of articulated tower, 
including motion oscillation, shear, axial force. In some particular cases, nonlinear vibrations, such 
as subharmonic and super harmonic responses, were also observed. 
In recent decades, the articulated foundations are gradually adopted to support the offshore 
wind turbines. Wu et. al [22] proposed a single-articulated-hinge offshore wind turbine, which was 90 
applicable to 90 m water depth. They established a single-DOF model to calculated its dynamic 
response under the regular wave. The results proved that the structure showed good hydrodynamic 
performance. Similarly, Philip et. al [23] conceptually designed a three-leg-hinged supporting 
foundation for 5MW offshore wind turbine in 150 m depth area. They studied the motion response 
of the whole system under different wind and wave scenarios. Joy et. al [24] conducted a group of 95 
experiments on the three-leg hinged 5MW wind turbine with a scale ratio of 1:60. According to the 
results, they found that the natural frequency was far away from the wave frequency. Based on their 
work, Navin et al. [25] simulated the environmental load on this wind turbine, observing the dynamic 
responses in the time domain. Furthermore, they also analyzed the fatigue strength of the structure. 
All above works show that this articulated tower foundation is feasible to support the offshore wind 100 
turbines. 
In this study, we proposed an articulated offshore wind turbine (AOWT) based on the 
articulated tower platform. It is hinged at the seafloor, rather than fixed at the bottom of the sea. 
Therefore, the torque caused by the environment load is unleashed to avoid increasing structure size. 
Hereby, it could greatly cut the construction material by adopting this supporting foundation. 105 
Besides, based on the current structure of the articulated wind turbine, we made some improvements. 
The ballast tank is set on the lower position, while the buoyancy tank is set near the water surface. At 
present, we have finished the preliminary design of the whole structure and conducted the feasibility 
verifications for 50m, 70m and 75 m water depth, respectively. Their dynamic responses, including 
the tilt motion of the articulated foundation, the aerodynamic performance of the rotor and the 110 
tensions on the hinge are further compared in the following works. 
In the following study, an in-house coupled model of AOWT is developed. Based on the 
potential flow theory, the wave-body interaction is calculated with stochastic waves. The aero loads 
on rotating blades are calculated by the blade element momentum theory. The hydrostatic restoring 
load is calculated by the geometry relationship. Besides, the friction damping of the articulated hinge 115 
is also taken into consideration according to the empirical formula. 
In the following sections, the configuration and physical parameters of the AOWT system will 
be defined firstly. Afterward, the numerical models (including the restoring model, the joint hinge 
friction model, the aerodynamics model, and the hydrodynamics model) are briefly described. 
Numerical results, including predictions of dynamic responses under wave, wind and current loads, 120 
are then presented and discussed. Finally, conclusions are drawn. 
2. Physical Problem Description  
As shown in Figure 1 (a), the AOWT mainly consists of the NREL 5MW baseline wind turbine 
[26] and an articulated-tower support foundation. Detailed parameters of the upper wind turbine 
could be easily found from previous work or other similar researches [26,27]. On the other hand, the 125 
support platform consists of a perforated column, a buoyancy tank and a ballast tank. The vertical 
configuration of the articulated foundations is shown in Figure 2. To investigate the dynamic 
responses of the AOWTs under different water depths, these three main parameters are optimized 
based on the algorithm from the respect of motion stability and economy. The main parameters for 
each foundation are listed in Table 2. More details about this optimization progress could be further 130 
found in our previous works [28,29]. Besides, considering the welding of main structure, subdivision 
bulkhead and reinforced aggregate, the equivalent thickness of the foundation is 0.07m. Hereby, (x,y) 
is a two-dimension Cartesian coordinate system with its origin at the mean free surface and y 
pointing upward, see Figure 1 (b). The x axis coincides with the direction of the incoming wind and 
wave.  135 
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Figure 1. Articulated offshore wind turbine 
 
 
(a) 50m depth                 (b) 70m depth                 (c) 75m depth 
Figure 2. Articulated offshore wind turbine 
Table 2. Main design parameters of the AOWT 
Parameter AFOWT 1 AFOWT 2 AFOWT 3 
Design Water Depth 50 m 70 m 75 m 
Tower Column Diameter 6 m 6 m 6 m 
Ballast Tank Diameter 14 m 10 m 9 m 
Buoyancy Tank Diameter 25 m 19 m 18 m 
Air Gap 10 m 10 m 10 m 
Total Mass 5,205,808 kg 5,210,387 kg 5,195,109 kg 
Center of Gravity  (0.0 m, 0.0 m, 29.47 m) (0.0m, 0.0 m, 39.61 m) (0.0 m, 0.0 m, 40.87m) 
Buoyancy 9,517,945 kg 8,220,100 kg 7,769,800 kg 
Center of Buoyancy (0.0 m, 0.0 m, 31.35 m) (0.0m, 0.0 m, 45.40 m) (0.0 m, 0.0 m, 46.91m) 
Overall inertia  1.15e10 kg·m2 1.84e10 kg·m2 1.88e10 kg·m2 
Initial tension on hinge 4.23e7 N 3.18e7 N 2.51e7 N 
3. Methodology  140 
3.1. Governing Equation 
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According to the design of the articulated tower platform and related numerical theories, the 
analysis model of AOWT can be mainly divided into three categories, single-DOF rigid model, two-
DOF rigid model or multi-DOF elastic model. During the initial design progress, the first model is 
usually adopted for simplification. Hereby, we adopted this model in the following simulation.  145 
Different from typical fixed or floating offshore wind turbines, the AOWT is hinged at the seabed. 
In other words, the translational motions, including surge, heave and sway are limited, while the 
rotational motions are allowed. In this study, we consider the wind and wave are in the same inflow 
direction, which applying the consistent environmental forces on the structure. Thus, the equation of 
rotation in this direction, which we called pitch motion, is firstly established. Then, we calculate its 150 
amplitude-frequency response in the frequency domain. Damping effects, including radiation 
damping, viscous damping and friction damping of articulated joint, hydrostatic restoring force and 
wave excitation force are all taken into consideration. Therefore, the frequency domain equation is 
given as, 
ൣ−𝜔ଶ൫𝐼 + 𝐼஺(𝜔)൯ + 𝑖𝜔(𝐶ଵ(𝜔) + 𝐶ଶ) + 𝐾൧𝜃(𝜔, 𝛽) = 𝐹(𝜔, 𝛽),                  (1)
where 𝐼 is the system moment of inertia , 𝐼஺(𝜔) is the added moment of inertia, 𝐶ଵ(𝜔) and 𝐶ଶ are 155 
radiation damping coefficient and viscous friction damping coefficient respectively, 𝐾  is the 
restoring stiffness of the system, 𝐹(𝜔, 𝛽) is the wave force, 𝜔 is wave frequency and 𝛽 is phase 
angle. Hereby, the motion response of articulated offshore wind turbine in frequency domain can be 
obtained by solving the equation (1). 
Furthermore, to study the dynamic performance under the combined action of wind and wave, 160 
the dynamic governing equation is developed to calculate the displacement, velocity and acceleration 
of the AOWT. The Cummins Equation and convolutional method are adopted to establish the time-
domain equation. Thus, the governing equation can be written as, 
൫𝐼 + 𝐼௜௡௙൯?̈? + ∫ ℎ(𝑡 − 𝜏)
௧
଴ ?̇?(𝜏)𝑑𝜏 + 𝐷𝑓൫?̇?൯ + 𝐾(𝜃)𝜃 = 𝑞൫𝑡, 𝜃, ?̇?൯,                  (2)
where ℎ(𝑡) is the retardation function, and 𝐼௜௡௙ is the added mass when the frequency approaches 
infinite. 𝐷 and 𝐾 denote the damping and restoring coefficients respectively. 𝜃, ?̇?, ?̈?represent the 165 
pitch angle, angular speed and acceleration, respectively. 𝑞  is the external environmental loads, 
including the wave and current loads on the articulated foundation, the aerodynamic loads on the 
rotor and the wind pressure on the tower. 
3.2. Friction Damping and Restoring Force 
For spherical articulated joints, the friction damping moment can be obtained from the following 170 
formula [28], 
𝑀௙௥ = 𝜇𝑁𝑅[𝑠𝑖𝑔𝑛(?̇?)],                                      (3) 
where, 𝜇 is the friction coefficient, we take the empirical value 0.1. 𝑁 denotes the normal force, 𝑅 is 
the radius of the spherical articulated joint, and 1.5m is adopted, 𝑠𝑖𝑔𝑛൫?̇?൯ represents the unit vectors 
in the same direction as angular velocity vectors. 175 
In the numerical model, the overall damping, including the viscous damping on the articulated 
foundation and the friction damping on the articulated joint, is assumed as the percentage of the 
critical damping, in the following expression [30], 
𝑀௩௜ = 2𝐶௩௜ට൫𝐼 + 𝐼௜௡௙൯𝐾 ,                                      (4) 
where, 𝐶௩௜ denotes the viscous damping coefficient, in the following simulations, the value of 0.055 180 
is adopted. It consists of 5% viscous damping term [31] and 0.5% articulated joint friction term [32]. 
3.3. Restoring Force 
The restoring moment is calculated by the following formula, 
𝑀ோ = 𝐹௕௨௢௬𝑙௕ − 𝑀𝑔𝑙௚,                                      (5) 
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where 𝐹௕௨௢௬ is the buoyancy of the articulated foundation, 𝑙௕ is the moment arm of buoyancy to the 185 
hinged joint, 𝑀 is the total mass of the whole structure, 𝑙௚ is the moment arm of gravity to the hinged 
joint. 
Specifically, according to the previous job, we found that the hydrostatic restoring force of 
articulated tower was nonlinear [28]. Nevertheless, from the stability curve, the restoring moment 
curve could be approximately linear when the inclination angle is less than 20 degrees. When 190 
conducting the frequency domain analysis, we assume that the restoring moment term is linear and 
the restoring stiffness 𝐾 is defined by the slope at the origin of the stability curve. 
3.4. Environmental Loads 
There are three kinds of environmental loads included in the following simulation. They are 
wind loads on turbine, wave and current loads on articulated foundation respectively. Detailed 195 
theoretical methodologies for corresponding loads are described. 
3.4.1 Wind Load 
The wind load on the wind turbine includes the aerodynamic load on the rotor and the wind 
pressure load on the tower. The aerodynamic load is calculated based on the blade element 
momentum theory [33]. The axial thrust and torque on each blade element are, 200 
𝑑𝑇 = ଵ
ଶ
𝜌𝑉ଶ𝐵𝑐(𝐶௟ 𝑐𝑜𝑠 𝜑 + 𝐶ௗ 𝑠𝑖𝑛 𝜑)𝐹𝑑𝑟
𝑑𝑀 = ଵ
ଶ
𝜌𝑉ଶ𝐵𝑐(𝐶௟ 𝑐𝑜𝑠 𝜑 + 𝐶ௗ 𝑠𝑖𝑛 𝜑)𝐹𝑟𝑑𝑟
,                    (6) 
where 𝜌 is the air density, 𝑉 is the resultant wind speed, 𝐵 is the number of blades, 𝑐 is the chord 
length of the blade element, 𝐶௟ and 𝐶ௗ are the lift and drag coefficients respectively, 𝜑 is the inflow 
angle, 𝑟 is the distance from the local element to the hub, 𝑑𝑟 is the length of the blade element, 𝐹 
is the Prandtl loss factor, calculated by the following formula, 205 
𝐹 = ଶ
గ
𝐹௧௜௣𝐹௛௨௕
𝐹௧௜௣ =
ଶ
గ
𝑎𝑟𝑐𝑐𝑜𝑠 ቀ𝑒𝑥𝑝 ቀ− ஻
ଶ
ோି௥
௥ ௦௜௡
ቁቁ  ,
𝐹ℎ௨௕ =
ଶ
గ
𝑎𝑟𝑐𝑐𝑜𝑠 ቀ𝑒𝑥𝑝 ቀ− ஻
ଶ
௥ିோℎೠ್
௥ ௦௜௡ ఝ
ቁቁ
                             (7) 
where 𝑅 is the radius of the entire impeller, 𝑅௛௨௕ is the hub radius. 
Another component of wind load is the pressure on the tower. It is calculated based on the 
classical empirical formula [34], 
  𝐹௪௜௡ௗ = 0.613 ∑ ൫𝐶௛𝐶௦𝐴௜(𝛼)𝑉௥ଶ൯ ,௡௜ୀଵ                               (8) 210 
where 𝑛 is the total number of components, we divided the tower into 10 pieces in the direction of 
altitude, so it is 10, 𝐶௛ is the height coefficient, 𝐶௦ is the shape coefficient, 𝐴௜(𝛼) is the projection area 
of the corresponding part when the wind direction angle is 𝛼, 𝑉௥  is the relative wind speed. 
Hereby, the total wind moment is achieved from the following equation, 
𝑀ௐ = 𝑇𝑙ோ + 𝐹௪௜௡ௗ𝑙௖  ,                                         (9) 215 
where 𝑙ோ is moment arm of aerodynamic thrust to the hinged joint, and 𝑙௖ is moment arm of wind 
pressure on tower to the hinged joint. 
When the wind turbine has a large tilt angle motion, there are two main cases. One case is due 
to the large average pitch angle, but the oscillation is relatively small. This case usually occurs when 
the wind speed gets large. In this case, the BEM approach is fairly accurate which is validated in our 220 
previous study on the Spar-type FOWT [35]. Meanwhile, when the wave height gets large, the 
oscillation increases significantly. We believe that this quasi-static approach should be further 
improved or even replaced by other methods, such as the CFD approach, to enhance the simulation 
accuracy.  
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3.4.2 Hydrodynamic Loads 225 
The wave load on AOWT is calculated by three-dimensional potential flow theory, which is a 
classic but widely used approach in the dynamic simulation of offshore structures. The velocity 
potential Φ  is decomposed into incident potential Φூ , diffraction potential Φ஽ , and radiation 
potential Φோ. All components will meet the requirement of Laplace equation. Hereby, they could be 
solved according to the theory of Airy wave under free surface conditions as well as the boundary 230 
conditions. The water pressure of the fluid is solved according to Bernoulli equation, and the wave 
load of the floating body is integrated along the wet surface of the submerged body. 
In present work, the wave-body interaction is calculated based on the 3D potential theory in 
frequency domain by using the DNVGL software WADAM. As a primary design, the linear wave 
load is taken into account. Specifically, to perform the dynamic simulation in the time-domain, the 235 
random wave forces are transferred into time series by multiplying these hydrodynamic parameters 
and specified wave spectrum in the complex domain. This is a similar approach to calculate the wave 
load on the Spar buoy which is validated in our previous work [35]. 
 
3.4.3 Current Load 240 
Current loads on the supporting foundation are calculated in accordance with China 
Classification Society standard [36], as following formula, 
𝐹௖௨௥ =
ଵ
ଶ
𝐶஽𝜌ௐ𝐴𝑉௖௨௥ଶ ,                                      (10) 
where 𝐶஽  means the drag coefficient, 𝜌ௐ  is the seawater density, 𝐴 is the projection area of the 
component on the plane perpendicular to the velocity of current, 𝑉௖௨௥  denotes the relative velocity 245 
of current. 
3.5 Flow chart of simulation 
Based on the algorithms above, a coupled aero-hydro dynamic simulation tool for AWOT is 
developed in the time domain. The basic procedure of this coupled numerical simulation is shown in 
Figure 3. 250 
In fact, this simulation tool is further developed from our previous code for Spar-type FOWT 
[29]. The modules in this paper are based on our previous study [29]. The BEM and 3D potential flow 
approaches we used are well established and their accuracy has been tested in these publications. 
Therefore, most modules, such as the hydrodynamic coefficients transformation, wave and wind 
generation, retardation function calculation, 4th order Runge-Kutta numerical solution, and so on, 255 
are validated in our previous work. Although the simulation tool is firstly adopted to calculate the 
dynamic response of AOWT, it has been validated by FAST and other experimental results. However, 
there have little studies about the articulated wind turbine, so we can hardly compare our results 
with other works. 
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Figure 3. Flow Chart 
4. Results 
We established the numerical model to simulate dynamic response of AOWT, considering the 
combined effect of wind, wave and current. Firstly, the hydrostatic model is adopted to calculate the 
restoring moment via different trim angle. Then, the hydrodynamic results are shown to describe the 265 
natural features of AOWTs. The rated operational sea state is considered (see, Table 3). Specifically, 
JONSWAP spectrum is adopted to generate the irregular wave elevations in the simulation. Among 
the results, we focus on the pitch motions of structure, as well as aerodynamic performance of the 
rotating blades and reaction of the hinged joint. 
Table 3. Rated Operational sea state 270 
Item Value 
Wind velocity (m/s) 11.4 
Wave Spectrum JONSWAP 
Wave height (m) 3.0 
Peak period (s) 6.3 
Peak parameter 3.3 
Current velocity (m/s) 0.4 
4.1. Wave-dody interaction performance 
4.1.1. Hydrostatic analysis 
In order to meet the requirements of air gap, the bottom of the articulated tower should be 10m 
above the still water plane, and the maximum pitch angle of the articulated foundation under the 
extreme condition should be less than 20° [37]. When the flange edge of the articulated foundation 275 
column and wind turbine tower is submerged, the exact pitch angle is defined as the flooding angle. 
According to the configuration and geometry relationship, we found that the flooding angle of 
designed AOWT is 26°. In other words, the flooding angle is guaranteed to meet the requirement 
under extreme condition. Moreover, for the whole AOWT system, the restoring moment curve under 
large pitch angles is calculated based on equation (5). The results of three AOWTs are shown in Figure 280 
4. 
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Figure 4. Articulated offshore wind turbines hydrostatic restoring moments via different trim angles 
In Figure 4, the restoring moments almost keep linear when the trim angle is less than 30 degrees 
for all three AOWTs. However, when the tilt motion exceeds this extreme, the nonlinear restoring 285 
moments will be observed. However, as the allowed maximum dynamic oscillation pitch angle which 
is usually 15° under the operation condition [27], the restoring term in the equation (1) and (2) could 
be approximately recognized as a linear term when the AOWT are operating under the normal 
condition. 
Another interesting phenomenon is found that the restoring moments of 70m-depth AOWT are 290 
larger than the other two AOWTs under most trim angles. In fact, according to equation (4), we found 
that the restoring moment is determined by two factors, the buoyancy term and the gravity term, 
including the forces and their corresponding arms. On one hand, comparing with the other two 
AOWTs, the 50m one has the shortest righting arm due to the shallowest water depth. Therefore, its 
restoring moment provided by the foundation is less than other two articulated foundations. On the 295 
other hand, because the buoyancy tank diameter of the 70m-depth AOWT is a little larger than the 
75m-depth one (see Table 2), the restoring moment is slightly increased by this effect. 
4.1.2. Hydrodynamic analysis 
According to equation (1), an in-house code was programmed to simulate the dynamic response 
of AOWT in the frequency domain. As the main motion of the overall structure is the oscillation 300 
around the hinged joint, a single-DOF equation is established. In the following simulations, the pitch 
motion is adopted to evaluate the hydrodynamic performance of different articulated foundations. 
Hydrodynamic and damping coefficients were calculated through the commercial software 
WADAM which was based on the 3-D potential flow theory. These coefficients were input to the code 
to obtain the Response Amplitude Operators (RAOs), as is shown in Figure 5. Moreover, the natural 305 
frequencies and periods of pitch motion for each AOWTs are listed in Table 4. 
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Figure 5. RAOs of AOWTs  
Table 4. Natural Features of the AOWTs 310 
Parameter AFOWT 1 AFOWT 2 AFOWT 3 
Natural Frequency (rad/s) 0.299  0.237 0.225 
Natural Period (s) 21.003 26.527 27.869 
According to Figure 5 and Table 4, it can be seen that the natural periods of AOWT avoids 
common wave periods (conventional range comes from 5 sec to 20 sec), although that of 50m-depth 
AOWT is larger than the others. In other words, large resonance motion can hardly be excited. On 
the other hand, the rated speed of NREL 5MW wind turbine is 12.1 rpm, so the 1P frequency of 
aerodynamic load is 1.27 rad/s, while the 3P frequency is 3.80 rad/s. The natural period of the system 315 
pitch motion effectively avoids the 1P and 3P load frequencies of the rotating blades, so the internal 
resonance in common articulated structure could also be avoided. Furthermore, according to the 
results in Figure 5 (b), the amplitude wave loads of 50m-depth AOWT in the range of common wave 
periods are over 50% more than the other two AOWTs. This is caused by the larger diameter of the 
buoyancy tanker which is close to the free surface. 320 
4.2. Dynamic response under operation conditions 
In this section, the dynamic response of AOWTs is examined under three operational conditions 
shown in Table 3. In the following simulations, the total duration is 3600 sec, and the time step is 0.1 
sec. After the first 600 sec of initial start-up oscillations, the rest samples (30000) are adopted for 
results analysis, including data statistics and FFT post-processing. Specifically, in order to make the 325 
time-domain results more comparable, we adopted the same wave elevation history in the 
simulations. Hereby, the results are shown in Figure 6. In the following subsections, the motion, 
aerodynamic performance and tension on hinged joint of the AOWTs under different water depths 
are analyzed and discussed respectively. 
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Figure 6. Statistic results of motion, aerodynamic performance and hinged joint tensions 
4.2.1. Pitch motion 
 335 
Figure 7. Dynamic response of pitch angle 
The time history curves and response spectrum of pitch motion are displayed in Figure 7. 
According to the simulation results, the pitch of AOWT is smaller than that of OC3 Hywind FOWT 
[35]. Among different water depths, we can see that the pitch motions differ in both mean position 
and dynamic oscillation. On one hand, according to the results in Figure 6 (a) and Figure 7 (a), it can 340 
be seen that the average pitch of 75m-depth AOWT is largest among the three AOWTs, while the 
70m-depth one shows the least average motion. 
This phenomenon is caused by restoring moment and environmental loads which contain steady 
term and influence the equilibrium positions. External environmental load, such as the wind thrust 
and pressure, the current drag, the higher-order drift wave force, are all included in the simulation. 345 
On one hand, based on the hydrostatic results in Figure 4, we could find that the 70m-depth AOWT 
has the greatest restoring moment, which is benefit to reduce the mean pitch angle. On the other hand, 
although the restoring moment of 75m-depth AOWT is more than the 50m-depth one, its 
environmental loads are the largest among three concepts. As a result, the mean pitch angle is 
enlarged. 350 
Moreover, from the response spectrum in Figure 7 (b), it can be seen that there are three peaks 
in each pitch angle response spectrum. According to the order of response frequency, they 
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respectively correspond to the natural frequency response, wave frequency response and 1P 
frequency response resulting from rotating blades. 
Furthermore, according to the time history curves and spectrum in Figure 7, we see that the 355 
standard deviation of pitch motion is distinguishing among these AOWTs. Actually, the standard 
deviation is a representative of the oscillation amplitude around the new equilibrium position. By 
comparing the results among these conditions, it is seen that the oscillation of 50m-depth AOWT is 
much larger than the other ones. On the other hand, the response spectrum of 70m and 75m-depth 
AOWT agree well with each other, even though the dominant responses of 70m-depth AOWT, such 360 
as low-frequency and wave-frequency response, are slightly lower than that of 75m-depth one. 
In fact, this difference is mainly due to the various damping values adopted in the models. 
Although the same critical damping coefficients are used in three models, the total damping values 
are different due to the inertia and stiffness, as Table.5 shows. In fact, this is due to the column length. 
With the shorter length, the viscous damping of 50m-depth AOWT is smaller than the others. Hereby, 365 
not only the wave-frequency response but also the low-frequency and 1P-frequency responses are 
amplified. 
Table 5. Dynamic parameters of the AOWTs 
Parameter AFOWT 1 AFOWT 2 AFOWT 3 
Overall Inertia (kg.m2) 1.15e10 1.75e10 1.88e10 
Added Inertia (kg.m2) 2.34e09 7.02e09 7.02e09 
Stiffness (kg.m2) 1.24e09 1.43e09 1.31e09 
Critical Damping (N.s.m) 8.27e09 1.18e10 1.16e10 
Added Overall Damping (N.s.m) 4.55e08 6.51e08 6.40e08 
4.2.2. Aerodynamic performance 
 370 
 
Figure 8. Aerodynamic performance of the rotor 
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The time history curves and response spectrum of thrust and output power are displayed in 
Figure 8. From the Figures 8 (a) and (c), it can be seen that the average value of thrust and output 
power are similar in three cases. Comparing the pitch motion response, the variation trend of 375 
aerodynamic performance in these three cases are almost the same. Moreover, the output power is 
basically stable at the rated power 5MW. In other words, the feasibility of the AOWTs is further 
validated. 
Based on the response spectra in Figures 8 (b) and (d), it can be seen that the response spectrum 
of thrust and power generation has similar peaks with the pitch response spectrum. Similarly, these 380 
aerodynamic responses of 50m-depth AOWT are also larger than the other AOWTs. Furthermore, 
the response spectrum of power generation has the similar shape with the thrust spectrum. This is 
because power generation depends on the torque acting on the rotor. Both torque and thrust are the 
corresponding aerodynamic load components in the horizontal and vertical plane of the rotor. The 
results show that peak value and variation trend of these two components have consistency to a 385 
certain extent. 
4.2.3. Tension on hinged joint 
In order to investigate the dynamic performance of the hinged joint, tensions acting on it must 
be considered in the simulation. Figure 9 shows the time histories and response spectra of tensions 
on the hinged joint. 390 
 
 
Figure 9. Tensions on the hinged joint 
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the average value of X-direction tensions remain the same level among three AOWTs. However, the 395 
oscillation of the 50m-depth AOWT is still slightly larger than the other ones. This phenomenon is 
similar to the pitch motion and aerodynamic performance. Therefore, it could be recognized as the 
effect of damping.  
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Besides, the obvious difference could be observed in the tension in Y-direction. In other words, 
the water depth may significantly influence the vertical tensions on the hinge. On one hand, 400 
according to the time histories in Fig.9(c), the average vertical tensions of the 70m-depth and 75m-
depth AOWTs are about 70% and 60% of that of the 50m-depth AOWT, respectively. This 
phenomenon is basically caused by the different initial tensions on the hinges as Table 2 shows. On 
the other hand, the response spectra in Fig.9(d) show that the oscillations in vertical tension are 
dominated by the wave-frequency component. Nevertheless, both low-frequency and wave-405 
frequency responses of hinge tension in 50m-depth AOWT are amplified due to the lower damping. 
5. Conclusions and Discussions 
A new kind of AOWT is proposed for the transitional water depth area. To investigate the 
influence of water depth on the dynamic responses of this articulated system, three different AOWTs 
are adopted to perform the simulation under the corresponding rated operational condition. All of 410 
them are based on optimized works to reach the best balance between safety and economic features. 
Firstly, to study the wave-body interaction, the hydrodynamic analysis is performed in the 
frequency domain. The pitch natural frequency of the structure avoids the wave frequency, the 1P 
and 3P load frequencies, and there will have few resonance motions during the normal operational 
condition. Furthermore, the aero-hydro coupling analysis model is established in the time domain, 415 
as well as an in-house numerical code. Considering the aerodynamic, hydrodynamic and dynamics 
theories, a single-degree-of-freedom rigid body analysis model of the articulated wind turbine was 
established based on Cummins Equation and convolutional method. Results show that it has great 
motion performance and meet the requirement of power generation. The horizontal tension of the 
hinged joint is dominated by the wave load, and the axial tension is dominated by the residual 420 
buoyancy. 
Generally, the water depth has significant influences on the dynamic performance of AOWTs. 
On the one hand, the wave load of the 50m-depth foundation is larger than the other two foundations. 
This is mainly caused by the larger diameter tank near the free surface, which is designed to provide 
enough buoyancy and restoring moment. On the other hand, for the dynamic responses of 50m-depth 425 
AOWT, including foundation pitch, aerodynamic loads, output power, hinged tensions, all oscillate 
severer under the normal operational condition. In other words, it is much more challenging to 
control the motion and corresponding dynamic response of AOWT in the shallower water area. 
However, it is necessary to point out that those articulated offshore wind turbines are designed 
conceptually and initially in the current work. There still exist some potential issues to be studied in 430 
the future. Firstly, in present study, the rated operational sea state is adopted to show the dynamic 
responses of AOWT under different water depth. However, the real sea scenarios are more complex 
than this unique one. Specifically, for a practical wind engineering project, more overall calculations 
based on the other scenarios should be investigated, especially sea conditions corresponding to the 
cut-in and cut-out wind speed. Besides, in order to ensure the safety of the structure design, the 435 
influence of the survival sea condition and turbulent wind flow [38] also need to be reflected in the 
following research.  
Besides, according to the simulated results, we see that the output power is maintained about 
5MW under the normal operation sea state, similar with the OC3 Hywind Spar or OC4 DeepCwind 
semisubmersible FOWTs [39,40]. However, the foundation motion can hardly compare with the 440 
motions of the FOWTs directly, because of the different water depth. In the next stage, we would 
make a comparison on the dynamic responses between AOWT and FOWT in the same water depth 
range. 
At present, we are planning to conduct a series of experimental tests to investigate the 
hydrodynamic and structural dynamic performance. We will validate our numerical results with 445 
model test ones in the following works. In the model test, a 1/50 scale of AOWT will be conducted 
under different conditions. Moreover, the design of specified hinged joint, detailed structural design 
and cost analysis of the system will also be done in the future. 
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Another potential issue is the flexibility of the upper structures, including blades and tower, is 
not included in this paper. These works will be done in the following research through the research 450 
methods from Chen [41], who proposed a nonlinear rigid-flexible coupled dynamic model of floating 
offshore wind turbines. Moreover, in present study, we consider a single-degree-of-freedom rigid 
body analysis model. To be more precisely, these simulations should be performed by the rigid-
flexible coupled multi-body analysis model. In the following work, a fully coupled time-domain code 
and the rigid-flexible coupled multi-body analysis model would be built for the further study on the 455 
dynamic characteristics of AOWT. 
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